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ABSTRACT 


Selected  propellants  for  escape  system  rockets  were  investigated 
and  evaluated  at  temperatures  from  -100®  to  +400°  F.  AK14  Mod  I 
propellant  was  successfully  fired  after  conditioning  for  108  hours  be¬ 
tween  -100°  and  +400°  F  (a  cumulative  time,  of  36  hours  at  400°  F). 
PL6670  propellant  has  had  limited  testing  at  400°  F.  A  KP-Hycar 
formulation  has  been  scaled  up  in  web,  but  has  not  been  tested. 

The  test  equipment  especially  designed  and  constructed  for  the 
program  has  performed  reliably. 

This  abstract  is  subject  to  special  export  controls  and  each  treins- 
mittal  to  foreign  governments  or  foreign  nationals  may  be  made  only 
with  prior  approval  of  AFFDL  (FDFR),  Wright- Patters  on  AFB, 

Ohio  45433. 
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INTRODUCTION 


The  U.  S.  Air  Force  requested  Frankford  Arsenal  to  investi¬ 
gate  and  evaluate  propellants  for  use  in  escape  rockets  capable 
of  operating  over  the  temperature  range  of  -100°  to  +400°  F. 

The  program  consisted  of  a  laboratory  investigation  and  a  ballis¬ 
tic  evaluation  of  propellants  meeting  these  performance 
requirements . 

The  investigation  considered  both  free-standing  and  case-bonded 
propellant  grains.  Although  selected  propellants  were  tested  in 
small  motors,  using  subscale  grains,  they  could  be  scaled  up  to 
full  size  for  service  type  motors. 


SCOPE  OF  WORK 
Laboratory  Evaluation 


T- 


During  the  laboratory  investigation,  the  following  objectives 
were  pursued. 

1.  Determination  of  thermal  stability  of  propellants  exposed 
to  400°  F  for  periods  of  4  hours  or  longer.  This  work  is  described 
under  "TEST  PROGRAM  AND  RESULTS.  " 


2.  Relationship  between  high  temperature  exposure  and 
chemical  decomposition.  This  work  is  covered  as  follows: 


AK14  Mod  I 


Reference  1 


PL6670 


Appendix 


KP-Hycar 

Thin  web  propellant  -  Reference 

Heavy  web  propellant  -  No  work. 


3.  Relationship  between  high  temperature  exposure  and 
physical  deformation.  This  work  is  covered  as  follows: 


AK14  Mod  I 


Reference  1 


PL6670 


Appendix 


KP-Hycar 

3hin  web  propellant  -  Reference 

Heavy  web  propellant  -  No  work. 
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4.  Autoignition  temperature, 
follows : 


This  work  is  covered  as 


AK14  Mod  I 
1 


Reference  1 


PL6670 


Appendix 


KP-Hycar 

Thin  web  propellant 
Heavy  web  propellant 


Reference  1 
No  work. 


5.  Elastic  and  tensile  properties  of  the  propellant.  Work 
is  covered  as  follows: 


AK14  Mod  I  -  Reference  6 

PL6670  -  Appendix  (at  room 

temperatures  only) 

KP~Hycar  -  No  work. 

6.  Effects  of  thermal  stress  because  of  temperature  cycling 
over  the  temperature  range.  This  was  done  in  the  ballistic  evalu¬ 
ation  (see  test  PROGRAM  AND  RESULTS  ). 


Ballistic  Evaluation 


During  the  ballistic  evaluation  of  selected  grains,  firings  of 
small  motors  were  conducted  over  Ihe  temperature  range  from 
-100®  to  +400  °  F  to  determine  the  standard  ballistic  parameters. 
The  work  is  covered  as  follows: 

AK14  Mod  I  -  See  TEST  PROGRAM 

AND  RESULTS. 

PL6670  -  See  TEST  PROGRAM 

AND  RESULTS. 

KP-Hycar  -  No  work.  ' 


PROPELLANT  SELECTION 


Date  generated  in  the  previous  thin  web  effort 
select  propellants  for  investigation.  In  that  study, 
lants  were  surveyed  and  the  potassium  perchlorate 


were  used  to 
rocket  propel- 
(KP)  oxidized 


*  See  REFERENCES. 
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propellants  seemed  to  be  the  most  likely  candidates.  AK14  Mod 
I,  a  propellant  used  for  many  years  in  rocket  assisted  takeoff  of 
aircraft,  was  chosen  because  of  its  good  record  in  the  thin  web 
effort. 

Also,  a  KP-Hycar  series  had  been  developed  in  the  thin  web 
effort.  However,  this  was  produced  by  solvent  extrusion  methods 
and  was  limited  to  thin  webs.  Work  was  initiated  to  produce  one 
of  these  propellants  in  a  heavier  web  by  solvent  extrusion- solvent¬ 
less  extrusion  techniques. 

The  survey  also  indicated  that  fluprocarbon  binders  would  be 
thermally  resistant.  Therefore,  a  new  KP-fluorocarbon  propel¬ 
lant  was  obtained  frorn  the  Naval  Weapons  Center  (formerly  Naval 
Ordnance  Test  Station),  China  Lake,  California.  This  formula¬ 
tion,  designated  PL6670,  is  a  high  density-impulse  propellant. 

Advanced  flight  vehicles  will  probably  be  equipped  with  multi¬ 
place  capsules  designed  as  an  integral  part  of  the  aircraft,  ^  Be¬ 
cause  the  mission  will  determine  the  design  of  the  entire  vehicle, 
the  escape  system  will  be  a  dependent  function  of  the  vehicle  and 
the  package  limit  will  be  essentially  volmmetric.  The  system 
volume  limitation  can  be  expressed  by  the  quantity  ^  a  constant 
for  a  particular  system  where 

-f'  =  v^/w^ 

p  r 

and  Vp  .g  propellant  volume; 

W^  is  system  weight  at  burnout. 

Escape  rocket  performance  can  be  estimated  by  the  velocity  at 
burnout  in  a  vacuum,  v^,  which  determines  the  maximum  trajec¬ 
tory  height,  y  .  Ass\aming  a  constant  th.-ust  rocket  which  is 
traveling  verticafiy  in  a  drag-free  environment,  these  parameters 
can  be  approximated  by 

4-  g  -  gtb  + 

and 

<''b  ‘b 


For  escape  rockets,  the  product  PI  (or  density  impulse)  is 

a  better  performance  determinant  than^^propellant  quantity.  In 

practice,  p  and  I  are  not  independent,  but  are  approximately 
sp 


inversely  related.  Usually,  the  density  increase  is  the  predomi- 

nart  factor;  therefore,  an  increase  in  o  would  increase  v,  and  also 

b 

v _  • 

^max 

The  use  of  these  parameters  can  be  seen  in  the  following 
examples. 

For  a  typical  ejection  seat,  where 


$  =  V  /W  =103  in.  ^/400  Ibm  =  0.  25  in.  ^/Ibm, 
p  r 

tj^  =  0.4  second. 

3 

An  increase  of  density  impxilse  from  the  12  to  18  Ibf- sec/in.  in¬ 
creases  the  V,  from  84  to  132  fps  (Figure  1)  and  increases  y 
from  110  to  °290  ft  (Figure  2). 

3  4 

For  the  Mach  4  separable  nose  capsTile,  * 

$=  V  /W  =  1420  in.^/2460  Ibm  =  0.575  in.  ^ /Ibm 
P 

t,  =  0.5  second. 


V/hen  pig  =  12  for  present  propellant,  =  206  fps  and  =  "^lO, 


pi 


sp 

sp 


0l 


sp 


18  for  high  density  propellant,  v  =  3l6  fps  and 

y  =  1630.  ° 

■'maix 

9  for  thermal-resistant  propellant,  v,  =  151  fps 

and  y  =  392. 

^max 


Escape  rockets  often  have  been  specified  as  a  retrofit  for  a 
normal  gun  catapult.  The  rocket,  scaled  to  fit  the  package  of 
the  catapult,  is  small  in  diameter  (2-3/4  to  3-1/8  in, )  but  long 
(55  to  60' in, ),  an  L/D  of  17  to  22,  Thus,  the  package  is  seldom 
ideal  -  it  is  severely  volvime  restricted.  Since  the  thrust  level 
is  about  5000  Ibf,  the  mass  rate  of  flow  is  high,  causing  throat- 
to-port  (J  factor)  design  hardships,.  These  small  sizes,  in  con¬ 
junction  with  a  severe  cant  angle,  limit  the  size  of  the  ^roat 
diameter  and  the  exit  cone  and^  hence,  the  performance  efficiency 
of  die  nozzle.  The  pressure,  then,  is  about  3000  psi  to  produce 
5000  Ibf.  Although  the  rocket  units  for  escape  capsules  are  larger, 
the  parameters  generally  remain  the  same  relative  proportion 
to  each  other,  Even  the  specification  of  rockets  for  new  seats 
and,  capsules  seems  to  fall  in  the  same  historical  pattern  of  the 
retrofit  rocket. 
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Chamber  Pressure 


Figure 
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Figure  2.  Maximum  Trajectory  Height  vs  Burnout  Velocity 


Although  the  package  is  dictated  by  available  space,  the  perfor¬ 
mance  is  dictated  by  physiological  limits.  ^  The  maximvim  allowable 
acceleration  is  24  g  (0.1  sec  duration),  but  practice  has  limited 
acceleration  to  12  or  15  g  (0.  5  sec  duration)  at  70°  F.  Thus,  a 
400  Ibm  seat  has  a  5000  Ibf  thrust  of  12  g  and  a  2400  Ibm  capsule 
has  an  average  of  36,  000  Ibf  thrust  of  15  g  (0.  5  sec  duration). 

The  military  specification  (MIL-C-25918)  requires  performance 
from  -65°  to  +200°  F,  but  advanced  flight  vehicles  may  require 
both  resistance  and  operation  throughout  a  wider  temperature 
range.  Where  thermal-resistant  propellants  are  not  available  for 
a  specific  application,  relocation  of  the  device  or  thermal  protection 
of  &e  propellant  by  insulation  or  refrigeration  may  be  a  more  prac¬ 
tical  solution  than  the  development  of  thermal-resistant  propellant 
(Ref  2,  pp  161-162). 

In  siimmary,  propellant  objectives  are: 

Thermal  resistance  of  400°  F  for  4  hours 

3 

High  density  impulse  of  18  Ibf-sec/in. 

High  rocket  pressure  of  3000  psi 
Good  physical  properties 
Low  burning  rate  exponent 
Low  temperature  dependency,  Ttk 
Mesa,  or  plateau,  characteristics. 


DESIGN  AND  CONSTRUCTION  OF  TEST  MOTOR- CONDITIONING 

CHAMBER  SYSTEM 


The  conditioning  chamber  is  designed  to  cover  the  -100°  to 
+400°  F  temperature  range  and  allow  extended  storage  of  the 
rocket  motor,  followed  by  in-place  firing.  The  system  is  operated 
remotely  for  extended  periods  of  time  and  is  nonhazardous  to  per¬ 
sonnel  in  the  adjacent  area.  If  a  malfunction  were  to  occur,  no 
debris  or  shrapnel  would  be  released. 

The  control  system  chosen  is  a  capillary  type  manufactu5:ed 
by  Brown  Instrument  Division,  Minneapolis -Honeywell  Regulator 
Co.  A  plastic  cam  can  be  cut  to  program,  most  of  the  cycles  that 
would  be  desired.  However,  the  stall  angle  of  tlie  cam  follower 
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on  the  rise,  or  heating,  portion  of  the  cycle  limits  the  rate  of 
rise.  Faster  rise  times  can  be  accomplished  by  hand  operation 
or  by  other  available  control  systems.  The  cam  profile  is  shown 
in  Figure  3. 

To  avoid  restriction  on  sources  or  types  of  propellant,  the  motor 
allows  loading  of  free-standing  unrestricted  grains,  cartridge-loaded 
restricted  grains,  and  case-bonded  grains  (Figure  4).  For  conven¬ 
ience,  the  motor  is  scaled  smaller  than  present  escape  rocket 
motors.  The  data  acquired  are  pressure-time,  single  component 
thrust-time,  and  temperature-time  (Figure  5).  Vibration  and 
humidity  environments  are  not  included,  but  could  be  added. 

Several  conditioning  chamber  designs  were  considered:  homemade, 
custom  designed  commercial,  modified  commercial  stock,  and 
electric  heater  wire  and  cooling  coils  wrapped  arovmd  the  motor. 

A  modified  commercial  stock  unit  with  liquid  CO2  cooling  was 
chosen  as  the  most  economical  (Figure  6).  The  test  motor  is 
attached  to  a  load  cell  on  the  test  bay  floor  by  a  cooling  column 
which  passes  through  an  access  port  in  the  oven  floor.  Rocket 
exhaust  gases  pass  through  another  access  port  in  the  chamber 
roof  (Figure  7). 

The  main  door,  with  control  interlock  switch,  is  provided  with 
pressure  release  latches  and  a  removable  receiver  cage  so  that 
it  serves  as  the  blast  release  and  catcher  (Figure  8).  The  con¬ 
troller  (Figure  9),  a  capillary  sensor  with  a  plastic  cam  programmer, 
is  moxmted  separately  from  the  chamber  on  the  other  side  of  the 
barricade  (Figure  10).  An  electronic  controller  can  also  be  used 
remotely.  All  the  changes  to  the  conditioning  chamber  were 
selected  from  modular  packages  offered  by  the  manufacturer. 

Thus,  the  investment  in  expendable  portions  of  the  equipment  was 
held  to  a  minimum. 

Motor  design  was  coordinated  with  the  conditioning  chamber. 

The  motor  criteria,  as  stated  before,  required  that  there  be  no 
debris  or  shrapnel  from  a  malfunction.  Therefore,  nozzle  shear 
rings  were  ruled  out.  To  handle  overpressure  or  deflagration, 
the  motor  is  constructed  like  a  compressor  head.  Tie  rods  are 
used  to  attach  the  head  and  nozzle  block  against  the  motor  tube. 

The  tie  rods  can  be  torqued  to  a  preset  dump  pressure  value  and 
the  deformation  of  the  tie  rod  is  nearly  equal  to  the  deformation 
of  the  motor  tube.  The  dump  pressure  is  a  function  of  maximxim 
conditioning  temperature  (Figure  11).  At  the  preset  dump  pressure, 
the  deformation  of  the  motor  tube  is  relaxed,  the  head  seal  is 
immediately  broken,  and  the  round  terminates.  Of  course,  the 
dump  value  stress  is  lower  than  the  yield  stress  in  the  tie  rods. 
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Figure  3,  Cam  Instructions 
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Test  Motor 


Figure  9,  Programmer-Controller 
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Figure  10,  Aft  End  of  Conditioning  Chamber,  viewed  through  Barricade 
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Figiire  11.  Tie  Rod  Torque  vs  Conditioning  Temperature 
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Figure  12,  Peak  Chamber  Pressure  vs  Conditioning  Temperature 
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The  motor  tube  is  made  of  stock  3-1/4  inch  OD  normalized 
4130  alloy  steel  to  reduce  the  fragmentation  caused  by  a  motor 
detonation.  The  nozzle  is  made  of  American  high  density  graphite 
(AHDG),  whose  erosion  rate  is  low.  Igniter  baskets  are  made 
of  stainless  steel.  Various  modes  of  central  ignition  can  be 
used  to  suit  the  propellant.  Traps  are  made  of  precision  cast 
alloy  steel  and  are  designed  to  provide  a  constant  port,  the  same 
size  as  the  propellant  port. 

Grain  design  varies  with  the  method  of  loading.  The  J  factor 
is  controlled  to  eliminate  erosive  burning  as  a  factor  in  the  data. 
The  AK14  Mod  1  propellant  is  manirfactured  without  restriction 
and  is  supported  by  the  trap  and  resonance  rod  attached  to  the 
head.  Case-bonded  and  extruded  grains  have  the  same  center 
perforation  as  the  typical  escape  rocket,  but  the  length  is  8 
inches  instead  of  36  to  40  inches.  Thus,  any  candidate  propellant 
can  be  quickly  scaled  up  to  a  full  size  grain  and  tried  in  a  service 
type  rocket  motor. 


TEST  PROGRAM  AND  RESULTS 


The  test  program  was  initiated  with  the  AK14  Mod  1  propellant. 

It  was  fired  at -65%  70%  200%  250%  300%  350®  and  400’ F. 
Detailed  data  are  shown  in  Table  I  and  a  stjmmary  of  maximum 
pressure  vs  temperatxire  is  shown  in  Figure  12,  The  curve  appears 
to  fit  a  parabola;  i.  e.,  the  maximxim  chamber  pressure  seems  to 
be  a  parabolic  fimction  of  conditioning  temperature.  At  70°  F, 
the  peak  pressure  is  about  1000  psi,  but  at  400°  F  the  pressure  is 
about  4  times  greater,  or  more  than  4500  psi.  This  spread  is 
\anfavorable  if  the  20  g  upper  limit  is  imposed  at  400°  F,  K  3600 
Ibf  is  equivalent  to  20  g  at  400°  F,  the  following  tabulation  illus¬ 
trates  the  large  change  of  thrust. 


Temperature 

Max  Thrust 

Equivalent  Acceleration 

(’F) 

(Ibf) 

(g) 

400 

3600 

20.0 

67 

950 

5.3 

-65 

650 

3.6 

Although  the  thrust  changes  with  temperature,  the  total  im¬ 
pulse  remains  nearly  constant.  However,  the  burn  time  increases 
as  the  temperature  decreases,  K  the  escape  must  be  accomplished 
in  a  minimum  time  and  with  a  constant  thrust,  the  cross-sectional 
area  of  the  nozzle  must  be  variable.  This  variation  will  be  a 
ftinction  of  temperature  and  the  small  throat  area  will  be  at 
low  temperature. 
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The  next  test  series  (Table  11)  of  AK14  Mod  1  was  fired  with 
an  0.  850  inch  ID  nozzle  in  place  of  the  0.  790  inch  ID  nozzle.  The 
firing  temperatures  were  -100%  -65°,  70°,  200°,  300°,  and  400°  F, 
and  they  coincide  with  the  temperatures  fired  with  the  smaller 
nozzle.  Cycling  tests  were  initiated  between  -100°  and  +400°  F 
for  the  second  portion  of  the  series.  The  soak  time  at  each  tem¬ 
perature  was  4  hours  in  a  12-hour  period,  with  the  remainder  of 
the  time  used  for  heating  and  cooling.  However,  the  firing  tem¬ 
perature  of  the  cycled  roxmds  was  changed  to  70°  F  so  that  a 
change  in  propellant  performance  cotild  be  more  easily  seen. 

As  the  cycling  time  increased  from  24  to  108  hours,  the  propellant 
performed  almost  without  change.  If  there  was  a  change,  the 
roTind-to-round  variation  masked  it,  AfterriLne  times  at  400°  F 
(a  total  of  36  hours),  the  Ig-  remained  ne?r  160  Ibf-sec/lbm 
(plsp^  10.  7  Ibf-sec/in.  3). 

Limited  testing  was  conducted  with  the  PL6670  propellant 
(Table  III).  Ceramic  nozzle  exit  cones  were  used  after  the  second 
test  because  of  the  severe  erosion  in  the  exit  cone  area.  (See 
Figures  13  through  16.)  The  next  rounds  were  conditioned  at 
400°  F  to  check  high  temperature  resistance  after  four  hours. 
However,  the  performance  was  poor,  in  contradiction  of  the  good 
resistance  predicted  by  the  differential  thermal  analysis  (DTA). 

(See  Figure  17  and  the  Appendix.)  Additional  tests  should  be 
made  through  the  temperature  range  before  judging  the  stability 
of  PL6670.  The  density  impxxlse  (plsp«^13  Ibf-sec/in.  3)  of  this 
propellant  is  better  than  for  AK14  Mod  1. 

Heavy  web  KP-Hycar  propellant  was  made  in  pilot  lots  at  the 
Naval  Ordnance  Station  (NOS),  Indian  Head,  Md.  However,  no 
propellant  has  been  made  for  the  tie  rod  test  motor,  (The  work 
at  NOS  will  be  described  in  a  Technical  Note  to  be  published 
under  separate  cover. ) 
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TABLE  III.  Data  for  Rocket  Motor  Static  Tests  Using  PL6670  Grain 


Figure  14,  Nozzle,  Carbon  Insert 


Diameter,  in 


Temperature,  °F 


Reciprocal  Temperature,  °R“1 


Figure  17.  Critical  Oven  Ten?)eratures  (predicted  from  DIA)  for 
Solid  Rod  as  a  Function  of  Billet  Diameter  for 
PL6670  and  PL6871 

(Reprinted  from  Reference  7.) 
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CONCLUSIONS 


The  installation  and  the  shakedown  of  the  test  equipment  have 
proceeded  to  a  satisfactory  point.  Most  of  the  problems  of 
technique  appear  to  have  been  solved. 

Preliminary  testing  shows  that  AK14  Mod  1  propellant  has  a 
very  satisfactory  thermal  resistance  for  this  application  but,  as 
expected,  has  a  low  density  imptilse. 

PL6670  appears  to  have  increased  density  impvilse  as  desired, 
but  testing  has  not  proceeded  far  enough  to  evaluate  this  propellant 
at  elevated  temperatures. 

Although  these  propellants  appear  to  meet  the  established 
criteria,  they  exhibit  the  temperature  dependency  and  the  high 
burning  rate  exponent  typical  of  KP  oxidized  propellants. 

Future  work  should  be  directed  to  lowering  the  burning  rate 
exponent,  reducing  the  temperature  dependency  of  performcince, 
and  developing  propellants  with  mesa  or  plateau  characteristics. 


APPENDIX 


PL6670  PROPELLANT 


PL6670  Propellant  Data 

Data  were  obtained  on  PL6670  propellant  fired  in  2  inch  Gimlet 
motors  at  U.  S.  Naval  Weapons  Center,  China  Lake,  Calif.  These 
data  are  presented  in  Table  IV  and  quality  control  data  are  presented 
in  Table  V. 

Thermal  Decomposition  Studies* 

A  thermal  decomposition  study  was  performed  on  PL6670  and 
PL6671  propellants,  partictilarly  at  temperatures  near  400°  F. 

The  methods  of  thermal  analysis  employed  were  differential 
thermal  analysis  PTA)  and  isothermal  analysis. 

In  the  DTA  studies,  thermal  patterns  of  each  solid  propellant 
were  determined  on  sample  si^es  ranging  from  20  to  30  milligrams. 
On  each  propellant,  thermal  patterns  were  studied  for  endothermic 
and  exothermic  peaks  with  respect  to  temperature  at  a  given  heating 
rate.  The  onset  temperature  to  the  first  exothermic  peak  was  noted 
since  this  indicates  the  first  measurable  evidence  of  the  thermal 
decomposition  of  the  propellant  sample. 

The  activation  energy  (E)  and  frequency  factor  (A)  were  also 
determined  for  the  exothermic  peak  by  the  variable  heating  rate 
and  computed  by  a  high  speed  digital  computer.  This  method  con¬ 
sists  of  a  plot  of  the  DTA  data  on  each  exotherm  as  log-heating 
rate  over  the  absolute  temperature.  From  this  type  of  graph, 
the  activation  energy  calculations  were  made  based  on  the 
equation 

d  (log  #/t2)  _  E 
d  (l/T)  "R 

where 

=  heating  rate,  °C/min 
T  =  absolute  temperature  of  peak  maximum 
R  =  gas  constant. 


*J.  M.  Pakalak,  Jr.,  "Thermal  Decomposition  Studies,  "  U.  S. 
Naval  Weapons  Center,  Interoffice  Memorandum  for  Record 
(Reg.  4532-19),  30  October  1964 
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TABLE  IV.  Firing  Data,  PL6670-2878  Propellant,  2  in.  Gimlet  Motor 
(PR  7154;  RS  742) 
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TABLE  V.  Qviality  Control  Data  on  PL6670  Propellant  Batches 
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Once  the  activation  energy  (E)  value  is  determined,  the  frequency 
factor  (A)  can  be  calculated  from  the  equation 


A  =  e 


(2) 


Then  the  specific  rate  constant,  k,  can  be  determined  at  selected 
temperatures  via  the  Arrhenius  equation 


k 


Ae 


-E/RT 


(3) 


Thermograms  of  propellant  PL6670,  which  were  determined  by 
DTA  on  an  average  sample  size  of  about  25  mg-  are  shown  in 
Figures  18  through  25,  in  order  of  increasing  heating  rate.  The 
endothermic  peak  at  585®  to  590°  F  in  these  thermal  patterns  is 
the  transition  temperature  for  potassium  perchlorate.  There  are 
several  exothermic  peaks  that  occurred  after  the  endotherm,  but 
only  the  first  two  or  three  were  used  in  tlie  kinetic  study.  The 
onset  temperature  to  these  exotherms  could  be  detected  in  the 
region  frpm  500®  F  up  to  the  starting  of  the  exotherm  for  the 
potassium  perchlorate  transition. 

DTA  data  are  plotted  in  Figure  26  where  the  slope  of  the  curve 
determines  activation  energy  via  Equation  1.  The  frequency  factor 
and  specific  rate  constant  were  evaluated  via  Equations  2  and  3, 
respectively.  The  activation  energy,  frequency  factor,  and  the 
specific  rate  constant  are  given  in  Table  VI. 

Thermal  patterns  of  propellant  PL6671  were  analyzed  in  the 
same  maimer  as  PL6670  and  are  given  in  Figures  No.  27  through 
32.  The  kinetic  data  are  given  in  Table  VII,  and  the  plot  for  de¬ 
termining  the  activation  energy  in  Figure  33.  The  main  differences 
between,  these  two  propellants  can  be  seen  in  the  kinetic  data. 

The  data  from  the  DTA  study  are  also  used  in  predicting  the 
critical  temperature  of  a  propellant  of  a  given  geometry  and  size. 
The  critical  temperature  (Tj^)  i'**  defined  as  the  maximum  surface 
temperature  (Tj)  that  will  allow  a  steady-state  temperature  dis¬ 
tribution  in  a  mass  of  material  such  as  a  propellant  grain.  The 
resulting  equation  for  this  condition  is 


(4) 
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Figure  18,  Thermogram,  PL6670;  =  3.5  “F/min 


Thermogram,  PL6670;  <>=5,4  “F/min 


Thermogram,  PL6670;  $  =  7.1  "F/min 


Figure  21.  Thermogram,  FL6670;  $=  7.2  °F/mit» 


ire  25,  Thenoogram,  PL6670;  $=  13,1  “F/min 


Figure  26.  Plot  of  DTA  Data,  PL6670 


TABLE  VI.  DTA  Data  on  Propellant  PL6670 


A. 

For  the  activation  energy  (E)  and  frequency  factor  (A) 

.vun 

Peak  Exothermic  Heating  Rate 

E  A 

No. 

No.  Peak  (“F)  (“F/min.) 

(kcal/mole)  (sec"  ) 

3-43-2 

1  657 

3.5 

33.3  4.  1  X  10 

3-42-6 

676 

5.3 

3-46-4 

682 

7.1 

3-46-3 

693 

8.7 

3-41-2* 

712 

13.1 

3-46-2* 

715 

13. 1 

3-43-2 

2  735 

3.5 

53.1  2.9X10 

3-42-6 

753 

5.3 

3-41-6* 

757 

7.2 

3-46-4* 

757 

7.1 

3-42-3* 

762 

9.0 

3-46-3* 

768 

8.7 

3-41-2* 

782 

13. 1 

3-46-2* 

772 

13.  1 

*Similar  heating  rates  were 

averaged  together  for  the  plot  in  Figure  26 

B. 

For  the  specific  rate  constant  (k) 

kfsec" 

•1) 

For  1st  peak 

For  2nd  peak 

Temperature  {®F) 

8,4  X  10"8 

2.9  X  10-11 

375 

2.4  X  lO"”^ 

1.5  X  10-10 

400 

6.5  X  lO-"^ 

7.4  X  10-10 

425 

1.7  X  10“^ 

3.3  X  10“^ 

450 

9.  3  X  10-6 

5.2  X  10"® 

500 

1.8  X  10-^ 

5.9  X  10-6 

600 
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Figure  27 


Thermogram,  PL6671j  $  =  1,83  °F/min 


Thermogram,  i?L6671;  <!>  =  3,6  °F/min. 


Thermogram,  PL6671;  $  =  7,1  "F/mln, 


Figure  32,  Thermogram,  PL6671;  $  “  9.1  °F/min 


TABLE  Vn.  DTA  Data  on  Propellant  PL6671 


A. 

F or  the  activation  energy  (E)  and  frequency  factor  (A) 

Run 

Peak 

Exothermic  Heating  Rate 

E  A 

No. 

No. 

Peak  (“F)  (“F  /min.) 

(kcal/mole)  (sec”^) 

3-47-1 

1 

671 

0.88 

39. 1  8.  2  X  10^ 

3-47-5 

701 

1.83 

3-43-3 

726 

3.6 

3-43-4 

735 

5.3 

3-43-5 

752 

7.1 

3-47-1 

2 

690 

0.88 

32.2  1.7X10^ 

3-47-5 

727 

1.83 

3-43-3 

759 

3.6 

3-43-4 

776 

5.3 

3-43-5 

788 

7.1 

3-43-6 

800 

9'.1 

B. 

For  the  specific  rate  constant  (k) 

k(8ec“ 

For  1st  peak 

For  2nd  peak 

Temperature  (°F) 

3,1  X 

10"^ 

1.2X10-8 

375 

1. 1  X 

10-8 

3.2  X  10"® 

400 

3.4  X 

o 

1 

00 

8.3  X  10-8 

425 

1.0  X 

10- 

2.1  X  10-”^ 

450 

7.8  X 

10-“^ 

1.1  X  10“^ 

500 

2.5  X 

10-5 

1.9  X  10-5 

60C 
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Figure  33,  Plot  of  DTA  Data,  PL6671 
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where 


a  =  radius 
p  =  density 

Q  =  heat  of  reaction  (explosion) 

^  =  thermal  conductivity 
6  =  shape  factor 

and  if  the  surface  of  the  propellant  grain,  for  a  given  geometry, 
is  held  at  some  temperature  in  excess  of  the  critical  temperature, 
the  propellant  grain  will  deflagrate  after  a  given  time. 

The  critical  temperature  was  predicted  for  propellants  PL6670 
and  PL6671  using  the  kinetic  data  from  Tables  VII  and  VIII  with 
other  physical  and  chemical  data  of  the  propellants.  The  results 
for  solid  cylinders  are  given  in  Table  VIII  for  a  comparison  of 
propellant  thermal  stability. 

In  the  isothermal  analysis  studies,  samples  of  propellant  were 
studied  in  two  sizes,  0.  25  and  3  inches  in  diameter.  For  the  smaller 
samples,  a  quartz  test  tube  (0.  3  inch  ID)  in  a  tube-type  Marshall 
furnace  was  used.  For  the  larger  samples,  a  standard  cook-off 
oven  was  used.  For  a  test,  the  oven  was  preheated  to  a  selected 
temperature  before  placing  the  pre -weighed  samples  in  the  oven. 

The  test  was  monitored  remotely  for  a  selected  period  of  time, 
then  the  sample  was  removed  from  the  oven,  cooled,  and  reweighed 
for  weight  loss.  The  specific  rate  constant  was  determined  from 
this  weight  loss  study  using  the  following  equation 


k 


2.303 

t 


log 


(5) 


where 

t  =  time 

Wo  =  initial  weight 

Wx  =  weight  after  thermal  aging 

The  activation  energy  could  then  be  determined  after  several  tests 
at  selected  temperatures  from  the  slope  of  a  plot  of  log  k  vs  the 
reciprocal  absolute  temperature.  The  frequency  factor  could  be 
determined  from  Equation  3. 

The  weight  loss  study  on  PL6670  propellant  for  the  smaller 
samples  was  made  in  the  temperature  range  of  425°  to  552°  F 
and  for  the  larger  samples  the  temperature  was  held  constant 


at  400°  F  with  preselected  periods  of  time  at  4,  17,  and  50  hours. 

The  larger  samples  showed  very  little  weight  change  in  the  time 
studied,  as  shown  in  Table  IX.  These  larger  samples  did  show 
a  change  in  color  and  very  slight  bvilging  after  aging.  The  data 
on  the  smaller  samples  is  given  in  Table  IX  with. a  plot  of  the 
data  in  Figure  34  for  determining  the  activation  energy.  The 
frequency  factor  was  determined  from  Equation  3  and  the  specific 
rate  constant  from  Equation  5.  The  plot  in  Figure  34  shows  a 
linear  relationship  over  the  range  studied  and  a  value  for  k  at 
400  °  F  was  predicted  from  this  plot  and  is  given  in  Table  IX  for 
a  comparison  with  other  data. 

The  weight  loss  study  on  PL6671  propellant  for  the  smaller 
samples  was  made  in  the  temperature  range  of  425°  to  575°  F 
and,  for  larger  samples,  the  conditions  were  the  same  as  for 
the  PL6670  propellant.  The  larger  samples  showed  no  weight 
change  in  the  time  studied,  but  did  show  much  darker  change  in 
color  than  the  PL6670  propellant.  The  data  on  all  the  samples 
is  given  in  Table  IX.  A  plot  of  the  data  from  the  smaller  samples 
is  shown  in  Figure  35.  A  break  in  the  plot  is  shown  to  occur  at 
about  470°  F,  with  activation  energy  above  this  temperature  being 
11,7  kcal  per  mole  and  below  470  °  F  being  45.  3  kcal  per  mole. 
Apparently,  a  different  reaction  path  occurs  above  470°  F  since 
the  data  show  a-  linear  relationship  above  and  below  this  tempera¬ 
ture  in  the  temperature  region  studied.  Values  for  k  at  400°  F 
were  predicted  from  the  lower  slope  plot  and  are  given  in  Table  IX. 

The  predicted  specific  rate  constant  from  the  small  sample 
study  for  PL6670  was  2.4  x  10~°  sec  at  400°  F,  which  compares 
well  with  the  value  of  1  to  3  x  10"®  sec"^  from  the  large  sample  study. 
The  predicted  specific  rate  constant  for  PL6671  was  taken  entirely 
from  the  small  sample  study  because  the  weight  loss  of  the  larger 
sample  was  too  small  to  be  measured  by  present  techniques.  The 
weight  loss  rate  of  the  PL6671  is  only  about  one  third  that  of 
PL6670  at  400°  F. 


The  decomposition  study  by  DTA  in  Table  VIII  shows  the  PL6671 
to  be  more  stable  thermally  than  PL6670.  The  data  from  Table  VIII 
indicate  that  a  solid  5-inch  diameter  cylindrical  grain  of  PL6670 
or  a  solid  12-inch  diameter  cylindrical  grain  of  PL6671  should 
not  start  to  self-heat  until  about  400°  F.  This  could  be  checked 
by  iso’^hermal  analysis  on  the  size  in  question  for  an  experimental 
critical  temperature  and,  also,  to  determine  if  the  sample  in 
question  will  explode  or  simply  deflagrate  on  heating. 


X^LE  IX,  Height  Loss  Study  of  Xwo  Propellants 


A.  For  Specific  Rate  Constant  (k) 


5; 


Weight  (gm) 

Oven  Temp 

Time 

Height  Loss 

k 

Before  After 

M>.. 

_ _ 

(S3C-lj 

PL6670 


0,2988 

0.2910 

425 

120.0 

2.61 

6.1  X  10"® 

0.2771 

0.2671 

440 

76.0 

3.6 

1.3  X  10-7 

0.2702 

0.2689 

450 

4.0 

0.48 

3.5  X  10"7 

0.2753 

0.2448 

475 

48.1 

11.0 

7.0  X  10“7 

0.2766 

0.2738 

500 

4.0 

1.0 

7,0  X  10-7 

0.2941 

0.2563 

500 

24.3 

12.9 

1.6  X  10-6 

0.2800 

0.2496 

552 

4.1 

10.9 

7.8  X  10-6 

1620. 

1620. 

400 

4.0 

• 

1630. 

1627. 

400 

17.0 

0,18 

3  X  10-8 

1627. 

1624. 

400 

50.0 

0.18 

1  X  10-8 

PL6671 

0,3569 

0.3517 

425 

139.0 

1.5 

2,9  X  10*8 

0.4179 

0.4141 

450 

24.0 

0,91 

1.1  X  10-7 

0.3808 

0,3678 

455 

71.0 

3,4 

1.4  X  10-7 

0.3880 

0.3692 

475 

48.1 

4.85 

2,9  X  10-7 

0.3868 

0.3738 

500 

24.0 

3.4 

4.0  X  10-7 

0.4588 

0.4382 

525 

24,3 

4.5 

5,2  X  10-7 

0,3054 

0.2982 

550 

4.0 

2.4 

1.7  X  10-6 

0.2325 

0.2228 

550 

17.1 

4,2 

6,9  X  10"7 

0.3749 

0.3560 

575 

17.0 

5.0 

8.5  X  10-7 

1937. 

1935. 

400 

4.0 

1930. 

1930. 

400 

17.0 

• 

1932. 

1932. 

400 

50.0 

V 


B,  Activation  Energy  (E)  and  Frequency  Factor  (A)  from  the  above  data. 


Propellant 

Teoq>  Range 
(°g) _ 

E 

(kcal/mole) 

A 

(sec-1) 

PL6670 

425  - 

575 

37.2 

2,6  X  loj 

PL6671 

425  - 

470 

45.3 

4.0  X  10l2 

f.ir\ 
‘t/v  - 

c«»c 

11,7 

2.4  X  10-2 

C.  Predicted  Specific  Rate  Constant  (k) 

at  400®  F  from  the  above  data 

Temp 

k 

Predicted  % 

Time 

Propellant 

(sec-1) 

Height  Loss 

Xhrl 

PL6670 

400 

2.4  X  10"8 

0.42 

50 

PL6670 

400 

2,4  X  10-8 

0.14 

17 

PL6670 

400 

2.4  X  10-8 

0.04 

4 

PL6671 

400 

7.5  X  10-9 

0.13 

50 

PL6671 

400 

7,5  X  10-9 

0.05 

17 

PL6671 

400 

7.5  X  10-9 

52 

0.01 
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Figure  35,  Rate  Constant  vs  1/Temperature,  PL6671 
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Selected  propellants  for  escape  systems'  rockets  were  investigated  and  evaluate i  at 
temperatuies  from  -100 "F  to  +400 ’F.  AK14  Mod  I  propellant  was  successfully  fired 
after  conditioning  for  108  hours  between  -100°F  and  +400  °F  (a  cumulative  time  of  36 
hours  at  400  “F).  FL6670  propellant  has  had  limited  testing  at  400  *F.  A  KP-Hycar 

formulation  has  been  scaled  up  in  web  but  has  not  been  tested.  The  test  equipment 
especially  designed  and  constructed  for  the  program  has  performed  reliably. 
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